A recently discovered family of natural anion channelrhodopsins (ACRs) have the highest conductance among channelrhodopsins and exhibit exclusive anion selectivity, which make them efficient inhibitory tools for optogenetics. We report analysis of flashinduced absorption changes in purified wild-type and mutant ACRs, and of photocurrents they generate in HEK293 cells. Contrary to cation channelrhodopsins (CCRs), the ion conducting state of ACRs develops in an L-like intermediate that precedes the deprotonation of the retinylidene Schiff base (i.e., formation of an M intermediate). Channel closing involves two mechanisms leading to depletion of the conducting L-like state: (i) Fast closing is caused by a reversible L⇔M conversion. Glu-68 in Guillardia theta ACR1 plays an important role in this transition, likely serving as a counterion and proton acceptor at least at high and neutral pH. Incomplete suppression of M formation in the GtACR1_E68Q mutant indicates the existence of an alternative proton acceptor. (ii) Slow closing of the channel parallels irreversible depletion of the M-like and, hence, L-like state. Mutation of Cys-102 that strongly affected slow channel closing slowed the photocycle to the same extent. The L and M intermediates were in equilibrium in C102A as in the WT. In the position of Glu-123 in channelrhodopsin-2, ACRs contain a noncarboxylate residue, the mutation of which to Glu produced early Schiff base proton transfer and strongly inhibited channel activity. The data reveal fundamental differences between natural ACR and CCR conductance mechanisms and their underlying photochemistry, further confirming that these proteins form distinct families of rhodopsin channels.
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photochemical conversions | Schiff base | channel gating | channelrhodopsins | optogenetics T he genomes of cryptophyte algae harbor nucleotide sequences that encode anion-conducting channelrhodopsins (ACRs) (1, 2) . Although these proteins show distant sequence homology to cation-conducting channelrhodopsins (CCRs) from green (chlorophyte) algae, they completely lack permeability for protons and metal cations and, thus, represent a distinct structural and functional class among microbial rhodopsins. Using ACRs permits optogenetic inhibition of neuronal firing at much lower light intensities than other currently used silencers (1) .
Analysis of photocurrents generated by ACR1 from Guillardia theta (GtACR1) in human embryonic kidney (HEK) cells under single-turnover conditions revealed that GtACR1 gating comprises two separate mechanisms with opposite dependencies on the membrane voltage and pH, and involving different amino acid residues (3) . The first mechanism, characterized by fast closing of the channel, is regulated by Glu-68, a homolog of Glu-90 in channelrhodopsin-2 from the green alga Chlamydomonas reinhardtii (CrChR2). Replacement of Glu-90 with Arg in CrChR2 made the channel permeable for Cl − (4), whereas the same substitution of Glu-68 in GtACR1 did not influence its selectivity for anions, but inverted its gating, rendering the channel open in the dark and closed under illumination (3) .
The second gating mechanism identified in GtACR1 is characterized by slow closing of the channel. It is not substantially affected by the E68Q mutation, but is controlled by Cys-102 (a homolog of Cys-128 in CrChR2), substitution of which with Ala dramatically extended the slow photocurrent decay (3). In CrChR2, mutation of either Cys-128 or Asp-156 that has been proposed to form an interhelical hydrogen bond (DC gate) (5) caused similar extension of the channel open state (6) . In contrast, in GtACR1, mutation of Ser-130 that corresponds to Asp-156 in CrChR2 did not significantly alter the current kinetics unlike mutation of Cys-102 (3). Thus, both the selectivity filter and gating mechanisms of natural ACRs appear to be different from those of CCRs. In this manuscript, we use the term "ACRs" to denote only natural anion-conducting rhodopsins. There are significant differences in primary structure and mechanism between natural ACRs and CCRs and their chloride-conducting mutants.
To gain insight into coupling of ACR photochemical reactions and ionic conductance, we performed absorption spectroscopy and flash-photolysis experiments on purified pigments obtained from expression in the methylotrophic yeast Pichia pastoris, using wild-type and variants in which amino acid residues that have been shown to be important for channel gating (Glu-68, Asp-234, Cys-102, and Ser-97) were mutated.
The photochemical cycle of most microbial rhodopsins comprises a sequence of several spectral intermediates (K, L, M, N, O) that appear following all-trans to 13-cis photoisomerization of the retinal chromophore in the time domain between picoseconds and seconds, best studied in the haloarchaeal proton pump bacteriorhodopsin (BR) ( 
Significance
The discovery of natural anion channelrhodopsins (ACRs) opens possibilities for rapid and efficient inhibition of neuronal firing by hyperpolarization, but molecular mechanisms of these proteins' function remain elusive. We studied spectral properties and photochemical conversions of purified wild-type and mutant ACRs to probe the coupling between chromophore photoexcitation and alteration of protein conformation leading to electrical conductance in the membrane. Our results show that not only the selectivity filter, but also the structural basis of channel gating in the cryptophyte ACRs differs from that in cation channelrhodopsins (CCRs) from chlorophyte algae used to depolarize the membrane. The knowledge of structure-function relationships in ACRs will benefit molecular engineering to improve their performance as tools for optogenetic research and therapies.
the position of Asp-85 that acts as a proton acceptor in BR. Reprotonation of the Schiff base gives rise to the N state in which the retinal is still 13-cis, and its reisomerization to a distorted all-trans configuration produces the O state, which then decays to the initial (unphotolyzed) state. In CCRs, the channel open state has been associated with the late M state and subsequent red-shifted (N/O) intermediates of the photocycle (for review, see refs. 9 and 10).
Here, our measurements of laser flash-induced absorbance changes identified at least four intermediates in the GtACR1 photocycle (K-like, L-like, M-like, and N/O-like). The rise and decay of the M intermediate in GtACR1 and GtACR2 are unprecedentedly slow compared with all previously studied microbial rhodopsins. Comparison of flash photolysis data with photocurrents generated under single-turnover conditions revealed that the GtACR1 channel opens ∼50-fold faster than the Schiff base deprotonates. Hence, in contrast to CCRs in which Schiff base deprotonation (M formation) precedes channel opening, we find that the L intermediate represents the conducting state in ACRs. The formation of M rather corresponds to fast channel closing, and its decay to slow channel closing. Furthermore, imposing early M formation on GtACR1 by engineering a proton acceptor adjacent to the protonated Schiff base nearly completely inhibits channel opening, indicating that the presence of a noncarboxylate residue in the position of the canonical proton acceptor (Asp-85 in BR) is critical for ACR function. Deionization of purified pigment or substitution of SO 4 2− for Cl − in the buffer changed neither the position of the absorption maximum nor the photocycle, which argues against Cl − being a Schiff base counterion in GtACR1.
Results
Wild-Type GtACR1.
Absorption spectroscopy. The absorption spectra of dark-adapted and light-adapted detergent-extracted wild-type GtACR1 at pH 7.4 are superimposable with the main peak at 515 nm (Fig. 1A) . No significant light/dark spectral adaptation was found, indicating that both light and dark forms of the pigment contain retinal in the same configuration. A characteristic feature of all known ACRs is the presence of a noncarboxylate residue in the position of the proton acceptor Asp-85 in BR. It is also typical of halorhodopsins in which Cl − serves as a counterion to the protonated Schiff base (11) . To test the possibility of Cl − acting as a Schiff base counterion in GtACR1, we made measurements in a deionized sample and a sample in which Cl − was replaced with SO 4 2− in the buffer. In contrast to halorhodopsin (12) , no spectral changes (Fig. 1A , green and blue lines, respectively) or substantial alteration of the photocycle kinetics (Fig. S1 ) were observed in GtACR1 upon such treatments, which argues against Cl − acting as a counterion in the latter protein.
Detergent-extracted GtACR1 was stable within the pH range from 3.5 to 9 (Fig. 1C) . At pH ≤ 3, irreversible absorption changes gave rise to a product with maximal absorption at ∼430 nm (Fig. 1D , red line), which is typical of partially unfolded microbial rhodopsins (13) . Absorption changes in the alkaline region revealed two transitions. A transition with a pK ∼9 was reversible and resulted in the appearance of a characteristic structured spectrum of an M-like product that forms upon deprotonation of the Schiff base (Fig. 1D , black line). A further increase in pH led to irreversible conversion of the pigment to a product with maximal absorption at 370 nm, which likely indicated denaturing of the pigment (Fig. 1D , blue line). Photochemical conversions. The first laser-induced chemical conversion we observed was depletion of the unphotolyzed state and the appearance of a red-shifted K-like photoproduct with absorption maximum at 580 nm occurring within our time resolution of 20 ns ( Fig. 2A, black line) . Spectra of time-resolved transitions were obtained by global fit analysis and are shown by colored lines in the same graph. The time window for this fit does not include the fast component of the K-to-L transition, and, hence, its apparent amplitude reflects only a fraction of this transition. The K state decayed into a blue shifted L-like intermediate with a time constant (τ) of ∼1 μs, accompanied by a slower transition of a smaller amplitude with a τ value of ∼10-20 μs (Fig. 2B ). The amplitudes of absorption changes at 580 nm and 450 nm were similar, which means that at least half of the pigment accumulates in the L state. The difference spectrum corresponding to the late K-to-L transition is shown in Fig. 2A , red line. The K intermediate did not convert fully, the first indication that the K and L intermediates were in equilibrium. The next major transition occurred with τ ∼20 ms ( Fig. 2C ) and resulted in formation of an M-like state with absorption maximum at 390-400 nm. The difference spectrum of this transition ( Fig. 2A , green line) clearly indicated that the appearance of M occurred simultaneously with the depletion of both K and L intermediates, confirming the existence of a K⇔L equilibrium. A major component of M decay was characterized by τ ∼125 ms and resulted in formation of a species with a maximum at 510-520 nm, close to that of the initial (unphotolyzed) state ( Fig. 2A , blue line).
The slowest transition obtained by global fit analysis was in the range of seconds. Its difference spectrum exhibited a maximum at a wavelength longer than the peak of GtACR1 absorption (Fig. 2D , black symbols and line), which indicated the presence of a long-lived intermediate(s) with blue-shifted absorption. We derived its spectrum by subtraction of the difference spectrum from a properly scaled spectrum of unphotolyzed GtACR1. The resultant spectrum showed the maximum at ∼475 nm (Fig. 2D , red symbols and line), which resembled that of the N intermediate in the BR photocycle. Additional bands (shoulders) on the blue slope of the difference spectrum may either belong to this intermediate or reflect contributions of L and M intermediates.
A slow formation of an M-like intermediate observed in detergent-purified GtACR1 is highly unusual for microbial rhodopsins. Photochemical conversions of some of them have been shown to become considerably slower upon purification in detergent, compared with those of the same pigments in biological membranes (e.g., ref. 14). However, in the case of GtACR1, the rate of M formation was almost the same in Pichia membranes and in detergent (Fig. S2) . Therefore, the unusually slow M formation in GtACR1 could not be explained by the influence of detergent. Moreover, a similarly slow M formation was also observed in GtACR2, an orthologous protein from the same organism (Fig. S3) , which indicated that the slow M formation is likely a common feature of the ACR family.
Correlation of photochemical conversions with channel opening and closing. Opening of the GtACR1 channel in response to a short laser flash (i.e., under single-turnover conditions) assessed by whole-cell patch clamp recording was >50-fold faster than the formation of the M intermediate (Fig. 3A) . Therefore, we hypothesize that the conducting state of the channel occurs before Schiff base proton transfer during the lifetime of the L intermediate. The formation of the L spectral intermediate appears to be faster than the photocurrent rise, but the time course of fast electrogenic events in the cell membrane is distorted by the lower time resolution of patch-clamp recording (Fig. S4) , and therefore precise temporal correlation between photocurrents and fast absorbance changes cannot be expected. Roughly, fast channel closing temporally correlated with formation of the M-like intermediate (Fig. 3A) at neutral and alkaline pH, where both processes accelerate (Fig. 3B) , whereas slow channel closing correlated with M decay. Analysis of the photochemical conversions and photocurrents in the WT and the mutants further confirmed these correlations (see below).
The E68Q Mutant. The pH titration of the rate of M formation and fast channel closing in the WT and E68Q mutant provided strong evidence for a tight relationship between these two processes. The E68Q mutation slowed both M formation and fast channel closing, and caused a shift of their pH dependencies to higher pH values (Fig. 3B) . These results strongly indicate that generation of the M intermediate occurs concomitantly with fast channel closing in GtACR1. Different pH dependencies of the rate of M formation in the WT and the mutant indicate that the presence of Glu-68 in WT and its deprotonation in the initial state at high pH facilitates formation of M. These data and the predicted position of Glu-68 near the protonated Schiff base strongly suggest that Glu-68 serves as an acceptor of the Schiff base proton. However, formation of the M intermediate in the E68Q mutant, albeit at a lower amount, indicates that the presence of Glu-68 is not a strict prerequisite for Schiff base deprotonation.
The E68Q mutation also influenced the spectrum and pH dependence of transitions in the unphotolysed state of the pigment. At pH 7.4, the absorption spectrum of the E68Q mutant was shifted 3 nm to the red from that of the WT (Fig. 1B, red line) .
The appearance of an alkalization-induced M-like (deprotonated) state of the Schiff base in this mutant could be followed up to high pH ( Fig. S5 ) and resembled that in the D85N mutant of BR (15, 16) . This finding indicates a higher stability of the unphotolysed state in the mutant than in the WT, in which the M-like state could only be observed in a narrow pH range ( Fig. 1 C and D) because of denaturation of pigment at higher pH. The pK a of the Schiff base deprotonation in the mutant was ∼10.3 (Fig. 4A) .
The dependence of the wavelength of maximal absorption on pH observed in the WT completely disappeared in the E68Q mutant (Fig. 4B, red line) . This result indicates that Glu-68 serves not only as the proton acceptor, but also acts as the counterion of the Schiff base at high pH. If the pK a of Glu-68 decreases during the photocycle, this residue may play these roles also at neutral pH.
As in the WT, a fast biphasic reversible decay of K led to generation of an L-like intermediate in the mutant. The K⇔L transition in the photochemical reaction cycle of E68Q differed from that in the WT only quantitatively: Both its phases were several times slower than in the WT (Fig. 4C) . However, the L-to-M transition in the E68Q mutant considerably differed from that in the WT. As mentioned above, the appearance of the M intermediate in the WT corresponded to the depletion of the L intermediate (reproduced for comparison in Fig. 4D, dashed  lines) . In contrast, in the E68Q mutant, the depletion of L was not observed, and the accumulation of M was fivefold smaller (Fig. 4D, solid lines) . This result confirmed the association of M rise with fast channel closing in the WT that was absent in the mutant at neutral pH (3).
The D234N and D234N_E68Q Mutants. The above results show that Glu-68 likely acts as a counterion and an acceptor of the Schiff base proton in GtACR1 at high pH. To assess the role of the second carboxyl residue near the Schiff base, Asp-234, and effects of removal of both carboxylic residues, we examined the D234N mutant and the E68Q_D234N double mutant. We were able to express and isolate the former for spectroscopic studies and conduct electrophysiological studies on the double mutant in HEK cells.
The absorption spectrum of the GtACR1_D234N mutant at pH 7.4 was indistinguishable from that of the WT (Fig. 1B, green  line) , indicating that this residue does not act as a counterion of the protonated Schiff base at this pH. The spectral maximum exhibited a pH-dependent transition with pK a 4.7 (Fig. 5A) , indicating the appearance of a titratable group in this pH range in the D234N mutant. The correlation between the main component of M rise and fast channel closing, and of M decay and slow channel closing, remained in the mutants the same as in the WT. However, an additional fast component appeared in the M rise in the mutant (Fig. 5B) , which could be interpreted as a transfer of the Schiff base proton to an acceptor. Indeed, the channel current generated by the D234N mutant upon excitation with short laser flashes (single-turnover conditions) was preceded by a fast positive current, the amplitude of which increased upon an increase in the bath pH (Fig. 5C ). The sign, fast kinetics and the pH dependence of this current component, indicated that it reflected proton transfer from the protonated Schiff base to an outward acceptor. When Glu-68 was neutralized in addition to the D234N mutation, no fast positive current was observed even at pH 9.4 (Fig. 5D ). This result suggests that Glu-68 is the residue that becomes titratable and serves as the Schiff base proton acceptor in the D234N mutant. Apparently, the D234N mutation causes a decrease in the pK a of Glu-68 because of a disruption of the coupling between these two residues in the WT predicted by our homology model (see below). This hypothesis is the most straightforward interpretation that does not exclude involvement of other interacting residues.
The C102A Mutant. In the WT, channel is fully open well before M formation (Fig. 3A) , which means that both fast and slow channel closing are due to the depletion of the conducting L state. The results obtained with the C102A mutant confirmed this conclusion. Cys-102 is the homolog of Cys-128 in CrChR2, and its replacement with Ala leads to a dramatic decrease in the slow channel closing in GtACR1 (3). We tested the influence of the C102A mutation on the photocycle of purified pigment. Both recovery of the unphotolyzed state and a decrease in absorption at 400 nm (close to the absorption peak of the M intermediate) were 100-fold slower in the mutant than in the WT, which matched perfectly the influence of this mutation on the slow phase of the photocurrent decay (Fig.  6A) . This observation could be interpreted as the M intermediate being the open state in the gating mechanism characterized by slow channel closing. However, the spectrum of absorbance changes in the C102A mutant showed that the L and M intermediates were in equilibrium (Fig. 6B) , and that therefore, L decay kinetically matches M decay. The simplest interpretation is that the L intermediate, rather than M, is the open state for both gating mechanisms also in the GtACR1_C102A mutant.
The S97E and S97A Mutants. All so-far-known ACRs have a noncarboxylate residue in the position of Asp-85 in BR, in which most CCRs have a Glu residue. The corresponding residue in GtACR1 is Ser-97. When it was mutated to Glu, the pH titration of the wavelength position of the main absorption peak showed a large (35 nm) spectral transition with a pK a ∼8 (Fig. 7A , red symbols and line), as expected from its predicted position close to the Schiff base (3). The pH titration of the S97E mutant resembled that of the protonated Schiff base counterions in many other microbial retinal proteins, i.e., BR (17) and proteorhodopsins (18, 19) . Introduction of this Glu results in appearance of a fast phase in M formation in the S97E mutant, which was absent in the WT. It is likely that the Glu facilitates M formation by acting as an acceptor of the Schiff base proton (Fig.  7B) , the role of carboxylate residues at the corresponding position in most other microbial rhodopsins.
These findings also indirectly confirm that Cl − is unlikely to be the counterion in GtACR1. If it were, the introduction of another negatively charged group close to the Schiff base would not cause such a large red shift as was observed. However, a ∼10-nm difference between the absorption maxima of the GtACR1_S97E mutant and the WT at acidic pH suggests the presence of a negative charge, the displacement of which by the introduced bulky residue, neutral at this pH, led to the red shift of the spectrum in the mutant.
In contrast to the three other mutations that did not (E68Q) or only slightly (D234N and C102A) reduced the amplitude of photocurrents (3), the S97E mutation led to its dramatic (>30-fold) suppression (Fig. S6A ). The peak current at −60 mV in response to the first laser flash in dark-adapted cells for the mutant was 47 ± 25 pA (mean ± SEM, n = 4 cells), compared with 1,444 ± 366 pA for the WT (mean ± SEM, n = 11 cells), whereas expression levels of the two constructs, as judged by the tag fluorescence, were comparable. This result confirms our hypothesis that the presence of a noncarboxylate residue in the position of Asp-85 in BR is critical for high ACR conductance.
Whereas both G. theta ACRs contain a Ser residue in the position of Asp-85 in BR, an ACR from another cryptophyte, Proteomonas sulcata (PsuACR1), has Ala in this position. PsuACR1 exhibits an ∼eightfold more rapid channel closing than GtACR1 (2). To probe whether Ala in the position of Asp-85 determines fast channel closing in ACRs, we generated and tested the GtACR1_S97A mutant. Measurement of its laser flash-evoked photocurrents showed that GtACR1_S97A channel closed even slower than wild-type GtACR1 (Fig. S6B) , which indicated that the fast closing of PsuACR1 was not controlled by the residue in question.
Discussion
Expression and purification of photoactive wild-type GtACR1 and its mutants in P. pastoris allowed us to characterize their photochemical conversions by flash photolysis and to measure the pH dependence of their absorption maxima. The most striking difference between the photocycle of ACRs and other microbial rhodopsins is an extremely slow appearance and decay of an M-like intermediate whose spectral shift to lower wavelengths is caused by the deprotonation of the retinylidene Schiff base. Opening of the GtACR1 channel occurs >50 times faster The absorption spectrum of the intermediates from which the unphotolyzed state recovers in the GtACR1_C102A mutant obtained by subtraction of the difference spectrum between spectra measured at 1 s and 100 s from the properly scaled absorption spectrum of dark-adapted pigment. Fig. 8 summarizes our model. Apparently, isomerization of the retinal chromophore from its all-trans to 13-cis configuration and accompanying conformational changes of the protein are sufficient to remove a barrier for Cl − conductance through the protein. The correspondence between the spectral intermediates and channel states in ACRs and CCRs appears to be quite different, which further confirms that these proteins represent two distinct families of microbial rhodopsins. In CCRs (or at least in the best studied CrChR2), deprotonation of the Schiff base occurs much earlier than channel opening, and, therefore, the conducting state of the channel was initially linked to the next red-shifted intermediate of the photocycle (P520) (20, 21) . At least in the slow C128X mutants, photocurrents are quenched not only by green, but also by violet light (absorbed by an M-like intermediate, P-390), which led to the conclusion that CrChR2 opens already in the M state (6) . Our observation of an extremely slow M formation in ACRs clearly shows that channel opening does not require deprotonation of the Schiff base. Furthermore, when early M formation occurs in the GtACR1_S97E mutant, in which a proton acceptor residue has been placed adjacent to the protonated Schiff base, the channel is nearly completely prevented from opening.
The scheme in Fig. 8 is a simplification that captures the main conclusions from our data but does not account for all our observations. Specifically, the two kinetically distinguished steps (∼1 μs and ∼20 μs) that we found in K decay and L formation may indicate the existence of either two K or two L species. We also cannot exclude a fast equilibrium between the L and N/O-like intermediates. However, this transition has small amplitude and is too slow to account for channel opening.
ACR sequences resemble those of haloarchaeal Cl − pumps and differ from most other microbial rhodopsins in the position corresponding to Asp-85 in BR, where they have a noncarboxylate residue. An exchange from Cl − to SO 4 2− buffer caused a 24-nm red shift of the spectral maximum of purified halorhodopsin from Natronomonas pharaonis (12) . In contrast, no spectral shift was detected upon the same substitution in GtACR1, which strongly argues against Cl − playing a role of the Schiff base counterion in the latter pigment. Nevertheless, the presence of a noncarboxylate residue in this position appears to be critically important for ACR function, because its replacement with Glu, found in this position in most CCRs, dramatically suppressed the photocurrent. It has, however, to be mentioned that application of a series of successive flashes led to a strong growth of photocurrents from the GtACR1_S97E mutant, which indicated the involvement of a twophoton process, investigation of which was beyond the present study.
Intriguing questions are the exact roles of carboxylic residues in the vicinity of the Schiff base, Glu-68 and Asp-234, in channel gating and Schiff base deprotonation. Neutralizing Glu-68 results in a four-to fivefold decrease in the accumulation of M and a corresponding disappearance of the fast channel closing at pH 7.4 ( Fig. 4D and ref. 3) . The pH dependence of the rates of both residual M formation and fast channel closing were shifted by this mutation to high (nonphysiological) pH values (Fig. 3B) . Finally, the mutation fully eliminated the strong pH dependence of the maximum absorption wavelength of the unphotolysed state observed in the WT (Fig. 4B ). These observations suggest that Glu-68 likely serves as a counterion and an acceptor of the proton from the Schiff base in the photocycle at least at neutral and high pH, a scenario supported by the features of the D234N mutant and D234N_E68Q double mutant (Fig. 5) . However, residual M formation observed in the E68Q mutant indicates the existence of an alternative Schiff base proton acceptor in GtACR1. We cannot completely exclude that Glu-68 may only facilitate proton transfer to this acceptor.
An atomic-resolution structure of an ACR is not yet available. Accordingly, we built a homology model of GtACR1 by the Robetta server using the crystal structure of a chimeric CCR (C1C2), which the server identified as the best template (Fig.  S7) . Although predictions of this model have to be regarded with caution, several of them are consistent with our experimental data: (i) In contrast to the C1C2 structure, in which the homolog of Asp-234 is the closest protonatable residue to the Schiff base, in the GtACR1 model, Glu-68 is the closest, whereas Asp-234 is more than twice more distant (Table S1 ). The closer proximity of Glu-68 is in agreement with our results, indicating that Glu-68 may serve as a counterion and proton acceptor in GtACR1.
(ii) pK a calculations using the PROPKA software (22) indicate that the only coupled carboxylate residues in the vicinity of the retinylidene Schiff base are Glu-68 and Asp-234 (Table S2) , which agrees with the conclusion we draw from our experimental results. (iii) The predicted pK a of Glu-68 without coupling (∼4.5) is close to the experimental value obtained for the Glu-68 in the D234N mutant in which this coupling is disrupted.
Our characterization of the GtACR1 photocycle contributes to understanding of the coupling between photochemistry of the chromophore and protein conformation changes leading to the appearance of ion conductance. Elucidating the conductance mechanism of ACRs is of particular interest because of the promise of these channels as optogenetic tools for research and potentially for gene therapy.
Materials and Methods
The opsin domain of GtACR1 in frame with an eight-His tag in the pPIC9K vector (Invitrogen) was expressed in P. pastoris SMD1168 (his4, pep4) and purified by using nickel-nitrilotriacetic acid agarose beads (Qiagen) in a buffer containing 20 mM Hepes, pH 7.4, 300 mM NaCl, 5% (vol/vol) glycerol, 0.02% dodecyl maltoside (DDM). Mutations were introduced by using a QuikChange XL site-directed mutagenesis kit (Agilent Technologies). Spectra of purified pigments in the UV-visible range were recorded on a Cary 4000 spectrophotometer (Varian). Light-induced absorption changes were measured with a laboratory-constructed crossbeam apparatus. Excitation flashes (532 nm, 6 ns, up to 40 mJ) were provided by a Surelite I Nd-YAG laser (Continuum). Signals were amplified by a low-noise current amplifier (model SR445A; Stanford Research Systems) and digitized with a GaGe Octopus digitizer board (model CS8327; DynamicSignals), maximal sampling rate 50 MHz. Data analysis was performed with pClamp 10.2 (Molecular Devices) and OriginPro 7 (OriginLab) software. Logarithmic filtration of the data was performed by using the GageCon program kindly provided by L. S. Brown, University of Guelph, Guelph, ON, Canada. Global fit of spectral transitions was performed by using the FITEXP program (23) kindly provided by A. K. Dioumaev, University of California, Irvine, CA. For expression in HEK293 cells, the constructs were transferred to the vector pcDNA3.1 (Life Technologies) in frame with an EYFP tag. Whole-cell patch clamp recording was carried out by using an Axopatch 200B amplifier (Molecular Devices). Laser excitation was provided by a Minilite Nd:YAG laser (532 nm, pulsewidth 6 ns, energy 12 mJ; Continuum). A detailed description of the acquisition, processing, and analysis of the data are provided in SI Materials and Methods.
